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The comparison of click beetle and railroadworm 
luciferases (pH-insensitive) with firefly luciferases 
(pH-sensitive) showed a set of conserved residues dif- 
fering between the two groups which coidd be in- 
volved with the bioluminescence spectra pH sensitiv- 
ity. The substitution C258V in Pyrocoelia miyaho (Pml) 
firefly luciferase and V255C in Ragophthalmus ohbai 
railroad worm luciferase (Rol) had no effect on the 
bioluminescence spectra. iSubstitution of Thr226 in 
the green-light-emitting luciferases of Rol and Pyrea- 
rinus termitilluminans (Pyt) click beetle luciferases 
residted in red-shifts (12 to 35 nm), whereas the sub- 
stitution T226N in the red-Ught-emitting luciferase of 
Phrixothrix hirtus (PhRE) railroadworm resulted in a 
10 nm blue-shift. In PmL the substitution N230S re- 
sulted in a typical red mutant (A„„ = 611 nm). The 
bioluminescence spectrum of all these luciferase mu- 
tants did not show altered pH-sensitivity nor consid- 
erably changed half-bandwidth in relation to the wild- 
type luciferases. Altogether present data suggest that 
Thr226 is an important residue for keeping active-site 
core in both groups of beetle luciferases. The mecha- 
nism for bioluminescence color determination be- 
tween pH-sensitive and pH-insensitive luciferases 

could be different. O 2001 Academic Press 

^ KeyWoi^: luciferases; bioluminescence; pH sensitiv- 
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Bioluminescence in beetles is characterized by a 
wide range of colors: green-yellow in fireflies (1), 
green- orange in click-beetles (2), and green-red in 
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railroad worms (3). This variety of bioluminescence 
colors was attributed to the luciferase structures, since 
luciferm is the same in all forms (1-3). Three mecha- 
nisms have been proposed to determine biolumines- 
cence color in the active-site of beetle luciferases (4)- (i) 
the polarity of the active-site (6); (ii) presence of basic 
residues assisting oxyluciferin tautomerization (6); 
and (ui) the active-site conformation, which may gov- 
ern the degree of rotation of oxyluciferin thiazolirie 
rings (7). Knowledge of the primary structure of many 
beetle luciferases (8-18), mostly from fireflies, and mu- 
tagenesis studies (19-24) have shown that the region 
around residues 209-300 in firefly luciferases and 
220-247 in click beetle luciferases determines the 
bioluminescence color. In addition, several single sites 
along the region 300-452 in firefly luciferases were 
shown to affect dramatically the bioluminescence color 
(20, 22, 23). The crystallographic structure of firefly 
luciferase was solved in the absence of bound sub- 
strates (25), showing a large N-terminal domain (resi- 
dues 1-436) and a small C-terminal domain (residues 
440-650) which form a clefl containing many con- 
served residues in their surfaces. Based oh conserved 
residues and mutagenesis studies, active-site models of 
firefly luciferase were proposed (24, 26), however, de- 
fimtive determination of active site structure awaits 
confirmation by crystallography with bound sub- 
strates. Although there are many studies focusing fire- 
fly luciferases, much less study was done in order to 
compare the structure-function relationship in click 
beetles and mainly railroad worm luciferases. 

The bioluminescence spectra of firefly luciferases 
(pH-sensitive) have been long shown to undergo red 
shift at lower pHs and other denaturant conditions 
(27), whereas cHck beetle and raihroad worm lucif- 
erases (pH-insensitive) were systematically shown to 
be insensitive to the same conditions (28). The compar- 
ison of railroadworm and click beetle luciferases pri- 
mary structures witli a large set of firefly luciferases 
have shown conserved residues within each group of 
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luciferases, but which differ between the two groups, 
which could be involved with the pH-sensitivity (17), 
We have started a site-directed mutagenesis study in 
order to determine the effect of the substitution of 
these residues on the bioluminescence spectra and 
their pH-sensitivity. Previously, we have shown that 
the region before residue 344 contains the biolumines- 
cence color determinant in Phrixothrix railroadworm 
luciferases and Arg 215 is an important residue for 
bioluminescence color determination (29). Here we re- 
port the effect of the substitution of Val255 (Val in 
pH-insensitive luciferases and Cys in pH-sensitive lu- 
ciferases) and Thr226 (Thr in pH-insensitive lucif- 
erases and Asn in pH-sensitive luciferases) on the 
bioluminescence spectrum and pH-sensitivity using 
four model beetle luciferases cloned in our laboratories 
(12, 16-18): the green-emitting luciferase of the Japa- 
nese Ragophthalmus ohbai railroadworm (Rol); the 
red-emitting luciferase of the Brazilian Phrixothrix 
hirtus railroadworm (PhRE); the gi'een-emitting lucif- 
erase of the Brazilian larval click beetle Pyi^earinus 
termitilluminans (Pyt) and the green-emitting lucif- 
erase of the Japanese firefly PyrococZia miyako (Pml). 

MATERIALS AND METHODS 

Reagents. Isopropyl-/3-D-thiogalactopyranoside <n*TG), dithio- 
threitol (DTT), D-luciferin (sodium salt), guanidine chloridre, ampi- 
cillin (Wako Pme Chemicals; Osaka, Japan; Sigma; St. Louis, MO); 
coenzyme-A (CoA) and adenosine triphosphate (ATP) (Oriental 
Yeast Co; Osaka, Japan; Sigma; St. Louis, MO); restriction enzymes 
and Taq polymerase (Nippon Gene; Toyama, Japan; New England 
Biolabs): ABI PRISM Dye terminator Cycle Sequencing kit (Perkin- 
Elmer; Foster City, OA) and Thermo sequenase Cy 5.5 dye termina- 
tor sequencing kit (Amersham Pharmacia, Tokyo, Japan). 
QuikC^ange site-du-ected mutagenesis kit (Stratagene, La Jolla, 
CA). 

cDNAs. The cDNAs for Pyrearinus termitilluminans (Pyt), 
Phrixothrix hirtus (PxRE), P. vivianii (PxGR), Ragophtalmus ohbai 
(Rol), and Pyrocoelia miyako (Pml) luciferases were previously 
cloned in our laboratories (12, 16-18). 

Site-directed mutagenesis. Site directed mutagenesis was per- 
formed using a Stratagene mutagenesis kit (Catalog 200518). The 
plasmids containing the luciferases cDNAs were amplified using Pfu 
turbo polymerase and 2 complementai-y primers containing the de- 
sired mutation, using a thermal cycler (1 cycle 95**C; 12 cycles OS^C, 
SO s; 55°C, 1 min and 68**C 12 min). After amplification, mutated 
plasmids containing staggered nicks were generated. The products 
were treated with Dpnl in order to digest nonmutated parental 
plasmids, and used directly to transform E. coli XL-Blue 1 cells. The 
following primei*s and their respective reverse complements were 
used: (Pyt T226N) 6'CCCAGAGTTGGAAACCAACTTATTCC3'- 
(PhRe T226N) 5'GTATAACTATAAGCnTCGTCCATAGC3'; (PmL 
C259V) 5'TAC TTA ACG GTT GGA TTT CGT3'; (PmL N230S) 
5'GTG TTT GGT AGT CAA ATT ATT3'; (RoL V255C) 5'GTC TTA 
TTT TAT ATG CCJG GCT TAG AGT TG3'; (RoL T226S) 5 'TTA TTC 
GGC TCA AGA ACT ATT3'; (RoL T226N) 5'CCC TTA TTC GGC 
AAT AGA ACT ATT CC3'; (RoL T226H)5'CCC TTA TTC GGC CAC 
AGA ACT ATT CC3'; (RoL T226E) 5'CCC TTA TTC GGC GAG AGA 
ACT ATT CCS'; (RoL T226V) 5'CCC TTA TTC GGC GTA AGA ACT 
ATT CC3'; (RoL T226F) 5'CCC TTA TTC GGC TTT AGA ACT ATT 
CC3'. 



Sequencing. The mutants were sequenced by dideoxy chain ter- 
mination method (3D) using dye-labeled terminator kit specifically 
developed for the ABI PRISM 377 automatic sequencer (Perkin- 
Elmer; Foster City, CA) or Thermo sequenase Cyb.b Dye Terminator 
Cycle Sequencing kit specifically developed for the Gene rapid Am- 
ersham Pharmacia Biotech sequencer (Tokyo, Japan). The following 
primers were designed to sequence the mutations: (PhRE T226N) 
CCATCTATGGTAATCGTATTGCTCC; (Pyt T226N) GtCACAA- 
CAATACGATTCTCG; (PmL) 5'TCA TCG GGA TCT ACT GGA 
TTA3'; (RoL) 5'TCC TCA TCG GGA ACA ACC GGG3'. 

Screening of color mutants. Luciferase mutants were screened 
for BL intensity by photodetection (31). Screening for color mutants 
was done using a spectrofluorometric technique. Transformant colo- 
nies were randomly selected, isolated and replated on an area of 1 
cm* over LB/Amp plates and grown overnight at 37'C. Replicas were 
obtained on nitrocellulose filters which were then transfeiTed to 
LB/Amp/IPTG dishes for induction during 24 h at 20**C. Each colony 
containing lane was cut with a razor blade, exposed to drops of 1 mM 
luciferin (0.1 M sodium citrate pH 5.0) solution and stuck to a 
microscope slide placed in front of the spectrofluorometer window to 
obtain the bioluminescence spectrum. Screening for very weak biolu- 
minescence intensity was done using a cooled-CCD camera system 
(Atto Co.. Tokyo. Japan) (13). 

Extraction of luciferases. For luciferase preparations, 200-1000 
mL of cultui-e were grown at 37'C up to ODcoo = 0.3-~0.5 and then 
induced with 1 mM IPTG at 30-37*C until ODeoo = 10 for Pml and 
Rol luciferases and at 20'C until ODcoo = 1.7-1.9 for other lucif- 
erases. Cells were harvested by centrifugation at 10,000 rpm for 15 
min and resuspended in extraction buffer (0.1 M sodium phosphate 
buffer, 1 mM EDTA, 1 mM DTT and . 1% Triton X-100, pH 7.5), 
sonicated 6 times with 10s pulses and centrifuged at 15,000^ for 15 
min at 4'C. In some cases the supernatant was precipitated by 
ammonium sulfate and the proteins that precipitated between 55- 
70% were resuspended in exti action buffer and stored at -20"C. 

M easurement of luminescence intensities. Bioluminescence inten- 
sities were measured in a Luminescencer AB-2000 luminometer 
(Atto; Tokyo, Japan) and in a homemade Hastings photometer (32). 
The assays were performed by mixing 10 ^d of crude exti act and 100 
/xl of assay solution (0,5 mM luciferin, 2.mM ATP, 4 mM MgSO^ in 
0.1 M Tris-HCl, pH 8.0). light intensities were estimated by inte- 
gration during 20 s and by peak height. 

Bioluminescence spectra, Bioluminescence spectra were recorded 
using a Fluoromax Spex and a Hitachi F4500 spectrofluorometers 
according to Viviani et al. (16, 17). In both cases the emission spectra 
were autocorrected for instrument photosensitivity. For the in vitro 
BL spectra of PhRE and Pyt luciferases and their mutants, 50-100 
/xl of crude extracts were mixed with 900-950 ^d of assay solution (0.5 
niM luciferin, 2 mM ATP, 4 mM MgS04, 0.5 mM CoA and 1% Tliton 
X-100 in 0.1 M Tris-HCl, pH 8.0). For Rol and PmL luciferases and 
their mutants, the bioluminescence spectra were recorded after mix- 
ing 0.5 mL of luciferase solution to 0.5 mL of luciferin solution (2 mM 
ATP, 0.5 mM D-ludferin and 4 mM MgS04 in 0.1 M sodium phos- 
phate buffer pH 8.0). CoA and Triton X-100 were used for luciferases 
displaying flash-like kinetics in order to stabiUze and increase the 
emission, and have no effect on the bioluminescence spectra shape. 
The effect of pH was assayed 0.1 M phosphate buffer, pH 6-8. 

RESULTS AND DISCUSSION 

Previously we have shown that click-beetle and rail- 
roadworm luciferases bioluroinescence spectra are not 
affected by pH in contrast to firefly luciferases (28). 
Some of these conserved residues within each group, 
which differ between these two gi'oups of luciferases 
could determine pH-sensitivity and affect the excited 
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state of oxyluciferin (17). In this study,,we mainly focus 
on two particiilar residues, Thr-226 and Val-255 in 
pH-insensitive luciferases, and the corresponding res- 
idues Asn-230 and Cys259 in Pyrococelia miyako (Pml), 



a pH-sensitive luciferase (Fig. 1). Table 1 shows the 
spectra of wild type (PmL and RoL) and mutant lucif- 
erases (PmLrC259V and RoL-V255C) under the vari- 
ous pH conditions. Cysteine residue was our first tar- 



TABLE 1 

Comparison of Bioluminescence Spectra, Luciferin ii:„s and Bioluminescence' Intensity Half-Life Times 
. for Wild-Type and Mutant Luciferases 



.(nm)* 



Half-bandwidth (lun) 



Luciferase 



pH6 



pH7 



pH8 



pH6 



pH7 



pH8 



Wild-types 
Rol 

Pytt 

PhBEt 

PvGR 

PmL 
Mutants 
. PmL C259V 

PmL N230S 

Rol V255C 

Pyt T226N* 

PhRE T226Nt 
Rol T226 mutants 
^^1-T22BS 

Rol T226N 

Rol T226H 

Rol T226E 

Rol T226V 

Rol T226P 



548 
536 
622 
548 
612 

608 
616 
550 
541 



587 



548 
536 

548 
562 

569 
616 
549 



564 
582 



548 
534 
622 
548 
554 

556 
606 
548 
546 
611 

565 
582 
584 
586 
588 
590 



73 
78 
62 
75 
91 

102 
56 
76 
67 



72 



76 



76 

95 
56 
75 



83 
66 



76 

73 

53 

70.5 

76 

84 

73 
77 
77 
57 

83 
69 
74 
71 

55 

75 



(luciferin) 


Half-Ufe 




(6) 


1300 


110 


64** 


36 


20** 


5 


160** 


126 


10 


5 




36 


820 


135 


110 


60 



450 



2 ml^S^'^i'^mM M^^ o Tl!?^!' "Tin^.^^ of luciferase crude extract and 950 ^1 ofluciferin solution (0.5 mM D-luciferin 

^ mM AlF, 4 mM MgSO^, 0.5 mM CoA, 1% Triton X-100 in 0.1 M Tris-HCl dH 8 0 or 0 1 M nKne«Kof^ k««v.,. «tj r o\ ^. • • lucnenn, 
were measured using a Spex Fluoromak specti-ofluorometer ^ ' phosphate buffer. pH 6-8). Emission spectra 

**Km values from Viviani et al (17). 



1288 



Vol. 280, No. 5. 2001 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 





/OCX 








x^ 



SOD 550 600 SOO 5S0 600 



Wavclcngih(nm) 

FIG. 2. Effect of pH on the bioluminescence spectra of wild-type 
(bold line) and mutant (light hne) luciferases: (left) Pyrocoelia 
miyako wild-type and N230S mutant luciferases; (right) Ragophtfial- 
mus ohbai wild-type and T226N mutant luciferases. These spectra 
were autocoiTected for the equipment photosensitivity. 



get because it is a basic residue and early chemical 
modification studies have suggested that a cysteine 
could be the basic residue assisting oxyluciferin enol- 
ization to give rise to yellow- green bioluminescence 
(33). Both PmL-C259V and Rol-V255C had no consid-. 
arable effect on the bioluminescence spectra nor their 
pH-sensitivity, indicating that tliese residues are not 
important for bioluminescence determination. 

Table 1 shows the values of maximum wavelength 
and half-bandwidth of RoL, Pyrearinus termitillumi- 
nans luciferase (Pyt\ Phrixothrix hirtus i*ed light emit- 
ting luciferase (PhRE), and Thr-226 mutants. The sub- 
stitutio^i of Thr-226 by Asn, which is present in firefly 
luciferases, resulted in a 35 nm red shift on the biolu- 
minescence spectrum of RoL and 12 nm in Pyt whereas 
T226N mutant in the red-light-emitting luciferase of 
PhEiE showed a 10 nm blue shift. Interestingly, the 
half-bandwidth in these mutant luciferases was almost 
imchanged upon the substitution and the spectra of 
mutant luciferases sliifted uniformly. In the firefly lu- 
ciferase the reverse substitution, i.e., N230S, resulted 
in a typical red-mutant (Fig. 2). These results suggest 
that Thr226 is a key residue located close or within the 
active-site of both groups of beetle luciferases, interact- 
ing with excited oxyluciferin or with another residue 
important for keeping the active-site structure. There- 
fore, we made several mutants for Thr-226 to investi- 
gate the role of this residue in bioluminescence spectra 
(Fig. 3). Table 1 shows the comparison of the maximum 
wavelength, half-bandwidth and K^^ values of Rol and 
Rol Thr-226 mutant luciferases. The red shift in these 
mutants varied from 17 nm for Ser 226 mutant to 42 
nm for Phe226 mutant. However, these mutants did 
not show pH-sensitivity (Fig. 3) and their spectra 
shifted uniformly with small changes (±20 nm) in the 
half-bandwidth in relation to that of the wild-t3rpe lu- 
ciferases. There was not a clear relationship between 
the physical-chemical properties of the substituted res- 



idues and the magnitude of the red shift. However, the 
most drastic shifts were observed for Phe and Val, 
which are the most hydrophobic substitutions, and in 
addition Phe has the largest molecular volume. On the 
other hand, the conservative substitution T226S dis- 
played the lowest red-shift among all mutants, sug- 
gesting a functional role for the hydroxyl group. Since 
the original residue Thr-226 is polar and could poten- 
tially form hydrogen bonds with other residues, it is 
possible that such substitutions result in the disrup- 
tion of a structurally important polar interaction, and 
those substitutions with high steric hindrance and hy- 
drophobic properties play an antagonistic effect result- 
ing in the largest shifts. 

The Ku values measured for Rol luciferase and its 
mutants were much higher than for other luciferases 
measured under the same condition. Surprisingly, the 
value for the wild-tj^e Rol luciferase was higher than 




500 550 600 650 



Wavelength(nm) 

FIG. 3. Effect of T226 substitutions on Ragophthalmus ohbai 
luciferase bioluminescence spectra. These spectra were autocor- 
rected for the equipment photosensitivity. 
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those for its mutants. As expected, luciferases with 
higher Ku values also displayed higher decay rates 
(Table 1). Higher substrate afifinities also mean tightly 
bound products slowing the turnover rate and thus 
^increasing the decay rates, whereas lower affinities 
should be reflected in higher turnover. Previous data 
on click-beetle and firefly luciferases suggested that 
lower values relate with shorter wavelengths (34). 
Our results with railroadworm luciferases showed the 
opposite. In our opinion ^Tm values are not necessarily 
related with the position of the bioluminescence spec- 
tra peak but rather with the half-bandwidth since the 
latter reflect the degree of vibrational freedom of the 
emitter. 

Chemical mechanisms for the color differences have 
been proposed, based on the presence of basic residue 
assisting oxyluciferin tautomerization (the keto form 
emits red light and the enolate emits green light) (6), 
on the polarity of the oxyluciferin binding site (5) and 
the active-site conformation restricting the degree of 
oxyluciferin thiazoline rings rotation (7), In firefly lu- 
ciferases, the spectra of the wild-type and mutant lu- 
ciferases are usually broad and contain two peaks, 
representing the contribution of two emitting species: 
the enolic and ketonic forms of excited oxyluciferin 
(35). The ratio between these emitters can be shifted by 
pH, temperature, mutations and by the luciferase itself 
(Fig. 2). These data suggest the color differences in 
firefly luciferases might be explained by changes in the 
ratio between the two emitting species and by environ- 
mental perturbations around these two emitters. How- 
ever, the spectra of the wild type pH-insensitive beetle 
lucifer£ises are narrower and monotonic suggesting 
emission by a single light emitting species. The spectra 
of their mutants shifted uniformly to longer wave- 
lengths (shorter in the case of PhRE), suggesting that 
distinct bioluminescence colors could be achieved 
through small environmental perturbations such as 
the polarizabiUty around a single emitting species. 
Furthermore, until present we never obtained a real 
red-mutant with pH-insensitive luciferases either by 
site-directed and random mutagenesis, such as in the 
case of firefiy luciferases. Thus, the basic mechanism 
for the color determination between pH-sensitive and 
pH-insensitive luciferases is not identical. In our opin- 
ion the active-site core in pH-insensitive luciferases is 
rigid (looser in the green emitting ones and tighter in 
the red emitting one) and much less flexible than that 
of pH-sensitive luciferases. 
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